The Global Precipitation Measurement (GPM) mission Core Observatory is equipped with a dual-frequency precipitation radar (DPR) with capability of measuring precipitation simultaneously at frequencies of 13.6 GHz (Ku-band) and 35.5 GHz (Ka-band). Since the GPM-DPR cannot use information from polarization diversity, radar reflectivity factor is the most important parameter used in all retrievals. In this study, GPM's observations of reflectivity at dual-frequency and instantaneous rainfall products are compared quantitatively against dual-polarization ground-based NEXRAD radars from the GPM Validation Network (VN). The ground radars, chosen for this study, are located in the southeastern plains of the U.S.A. with altitudes varying from 5 to 210 m. It is a challenging task to quantitatively compare measurements from space-based and ground-based platforms due to their difference in resolution volumes and viewing geometry. To perform comparisons on a point-to-point basis, radar observations need to be volume matched by averaging data in common volume or by re-sampling data to a common grid system. In this study, a 3-D volume matching technique first proposed by Bolen and Chandrasekar (2003) and later modified by Schwaller and Morris (2011) is applied to both radar data. DPR and ground radar observations and products are cross validated against each other with a large data set. Over 250 GPM overpass cases at 5 NEXRAD locations, starting from April 2014 to June 2018, have been considered. Analysis shows that DPR Ku-and Ka-Band reflectivities are well matched with ground radar with correlation coefficient as high as 0.9 for Ku-band and 0.85 for Ka-band. Ground radar calibration is also checked by observing variation in mean biases of reflectivity between DPR and GR over time. DPR rainfall products are also evaluated. Though DPR underestimates higher rainfall rates in convective cases, its overall performance is found to be satisfactory.
Introduction
The Tropical Rainfall Measurement Mission (TRMM) satellite carried the first ever space borne weather radar operating at Ku-Band [1] . It was launched in November 1997 as a joint mission by the NASA (National Aeronautics and Space Administration) and the JAXA (Japan Aerospace Exploration Agency). Its main scientific objective was to provide a global 3-D precipitation map over the tropics which would enable the scientific community in extending their research to better understand Earth's energy and hydrological cycle [2] . After a successful span of 17 years, on July 2015, the TRMM satellite came to an end. The Global Precipitation Measurement (GPM) mission is a follow-on mission to the TRMM. Launched on 27 February 2014, the GPM Core Observatory is expected to provide next-generation measurements of precipitation over a wide range of latitudes of 65 • N to 65 • S [3, 4] . instantaneous rain-rate product are cross validated using 4-year (April 2014 to June 2018) dataset of GPM overpasses with the mentioned GV sites. Radar reflectivity factor is chosen because it is the fundamental product used to retrieve precipitation from radar. In absence of any attenuation, an ideal relationship between GR S-band, GPM-DPR Ku-and Ka-band frequencies was determined by performing scattering simulations. Results from simulation are used to measure the theoretical deviation in GPM-DPR reflectivity for a given mean GR reflectivity. This in turn is used to access of DPR-GR biases. The main aim of this study is to quantify the difference in reflectivity and to access the performance of instantaneous rain-rate product at a large scale over the United States using GV radars from NASA ground validation network. This article is organized as follows. In Section 2 the data sets from GPM and NEXRAD radars are summarized. Volume matching methodology and the scattering simulations are also presented. Section 3 describes quantitative comparisons of the GPM-DPR measurements with respect to ground radars. Absolute calibration of ground radars against GPM is also studied. Lastly, Section 4 provides a summary of this work along with discussions and conclusions.
Instruments, Datasets and Analysis Methodology

The GPM Satellite: Dual-Frequency Radar
The heart of the GPM core observatory is the DPR and the GMI. The combined radar-radiometer observations are expected to improve precipitation estimates. The DPR consists of two radars namely KuPR operating at 13.6 GHz and KaPR operating at 35.5 GHz. [5] They are capable of providing high-resolution three-dimensional precipitation data. Figure 1a depicts DPR's observational characteristics. It can be observed that below melting layer significant difference in attenuation suffered at the two frequency channels. One of the main reasons for adding the Ka-band channel is to improve the detection threshold for light rain and snow compared to TRMM's precipitation radar [3, 7] . Non-Rayleigh scattering effects are more pronounced at Ka-band than in Ku-band. This phenomenon coupled with the difference in attenuation makes a feasible parameter for detailed study of precipitation microphysics. Using this dual-frequency information enables improved drop size distribution retrievals [29] , accurate melting layer height detection [30] and identification of different hydrometeor phases such as snow [8, 31] .
Each radar consists of active phased array elements (128 slot array antennas) capable of 49 simultaneous beam formations. The antenna and the pulse repetition time is designed such that the DPR can observe at least 19 Km from the sea level. Figure 1b shows the scan strategy. The KuPR radar scans with all the 49 beams and it known as normal scan (NS). Each footprint has a diameter of approximately 4.9 Km at NADIR which gives a scan swath of 245 Km. The KaPR radar scan is matched across the central 125 Km of the KuPR swath. This scan is called the Matched Scan (MS). The vertical range resolution of both the radars is 250 m. There is another type of scan called the High Sensitivity Scan (HS) where all the 49 beams of the KaPR radar are interlaced with the middle 25 beams of the KuPR radar. During signal processing, the radar echoes are over sampled at twice the rate, giving a vertical resolution of 125 m in the final data. The narrow bandwidth of the KaPR can be accounted for side lobe clutter contamination for large scan angles. A detailed design specification can be found in the work of Senbokuya et al. [5] .
The GPM data used in this study is 2ADPR level 2 data, version 5 [32] . It should be noted that there has been changes in DPR calibration, from previous version 4 level 2 data, corresponding to increase in KuPR reflectivity by 1.2 dB and KaPR reflectivity by 1.3 dB [33] . Over 250 DPR overpass data that have been used in this study were downloaded from the STORM online data interface to NASA Precipitation Processing System archive (https://storm.pps.eosdis.nasa.gov). Products from only Normal and MSs are used. Highly sensitive scan data is not considered to avoid complications arising from the geometry of interlaced beams. The key variables used in this work include zFactorMeasured from Preparation Module, zFactorCorrected, precipRate and precipRateNearSurface from Solver Module and typePrecip, qualityTypePrecip, heightBB and flagBB from Classification Module. 
Ground Validation Radar: NEXRAD
The Weather Surveillance Radar, 1988, Doppler or WSR-88D are S-band operational radars used for weather observation and forecasting in the United States. They are also known as the Next-Generation Weather radar or NEXRAD. These radars are operated by National Oceanic and Atmospheric Administration (NOAA) and Department of Defense (DoD). At present there is a deployment of 160 WSR-88D, throughout the continental USA. Recently, NEXRAD radar have been upgraded with the capability of polarization diversity. They operate at the frequency range of 2700 MHz to 3000 MHz. The radar has a range resolution of 250 m. The beam is 1 degree wide. Typical range of NEXRADs is 400 Km. More information on NEXRAD specifications can be found in [34] . During normal operations, the radar conducts a volume coverage pattern (VCP) in which it scans full 360 degree in azimuth and from 0.5 degree to 19.5 degree in elevation in steps of 14 plan position indicator (PPI) scans. There are different variety of VCP which are optimized for specific weather conditions and are deployed by the operational controls according to the observed meteorological event and desired data quality. The radar typically takes around 5 to 6 min. to complete one volume scan. In complex topography, radar observations are associated with several issues such as partial or total beam blockage and beam overshooting. Current operational radars in the United States do not provide accurate measurement of rainfall over mountainous region. [35] Due to this reason NEXRAD radars located in the southeastern plains along the Gulf of Mexico are chosen. Table 1 provides the names and locations of the 5 NEXRAD radars used for validation. All the radars are located from 5 to 210 m in altitude from Mean Sea Level (MSL). NEXRAD level 2 data has been used in this study. Differential reflectivity (Z DR ) calibration was carried out from observations of Z and Z DR in drizzle following the procedure mentioned in [36] . It is important to ensure accurate rainfall estimation by dual-pol estimators such as R(Z, Z DR ) and R(K DP , Z DR ). Attenuation correction is not necessary since S-band does not suffer attenuation in precipitation medium. In Rayleigh scattering, the particle sizes are much smaller compared to the radar wavelength. In this case, the radar reflectivity factor can be shown approximately equivalent to the sixth moment of the drop size distribution. This assumption is valid for NEXRAD radars operating at a wavelength of about 10 cm. When particle sizes are greater than 10 percent of the radar wavelength, this Rayleigh approximation does not hold true. If raindrop dimensions are compared against GPM-DPR Ku-band (13.6 GHz) and Ka-band (35.5 GHz), non-Rayleigh scattering effects seem to be very evident in GPM observations at these two frequencies. Due to this, even in ideal conditions (with no attenuation), the back scattering cross section from precipitation particles can be quite different at both GPM Ku-band and Ka-band compared to ground radar S-band. This in turn may lead to inconsistency while comparing the reflectivities. Hence to correctly infer the differences in reflectivities, it is useful perform theoretical simulations. In this study, scattering simulations are done using T-Matrix method [37] . It was assumed that the drops were symmetric with orientation canting angle following a Gaussian distribution with zero mean and standard deviation of 5 • . The drop shape model described in [38] has been used. Mean reflectivities were calculated varying the ranges of normalized intercept parameter, shape parameter and median volume diameter of a normalized gamma distribution model [39] . Equation (1) shows a normalized gamma distribution and Equation (2) shows the ranges of N w , µ and D o used in the simulation.
(1)
The difference between S, Ku, and Ka-band reflectivities obtained from the simulation is shown in Figure 2 . It can be observed that Ku-band reflectivity values up to 35 dBZ are almost equal to S-band while Ka-band reflectivity values are almost 1 dB higher than S-band. From 35 dBZ onward, due to increase in drop size, non-Rayleigh scattering effect start to crop in and thus a deviation can be seen in both Ku-band and Ka-band. Beyond 50 dBZ this deviation becomes more severe. In the region of 35-50 dBZ, Ku-band reflectivity can be 2 to 3 dBZ higher while Ka-band reflectivities can be 5 dBZ lower compared to S-band. These results are consistent with the findings in [40, 41] . 
Volume Matching Methodology
Direct inter-comparisons between the GPM-DPR and ground radar is not possible because of the different viewing geometry of the two systems. The space-based radar is a vertically down looking radar while ground-based radars scan in PPI mode. For point by point comparisons, errors can crop in from observation resolution volume mismatch, spatial alignment, and difference in operating frequency. Figure 3a ,b both show the general concept of DPR and GR observation volumes at the beam intersection locations. It can be observed in Figure 3b that these common volumes at different beam intersections can be different. In literature, several procedures have been proposed for matching and aligning space and ground radar observations [42, 43] . In the method, the data from space radar and ground radar are interpolated and re-sampled to a common Cartesian grid. A similar methodology by Bolen and Chandrasekar [28, 41] discusses the distortion of reflectivity map from space radar with respect to ground radar and its mitigation by re-sampling them to a common grid by variable volume matching with a polynomial technique for alignment. This method was further developed by Schwaller and Morris [25] where volume matching is performed at each geometric intersection of the space radar and ground radar beams by averaging the reflectivity samples within the volume instead of re-sampling it. It has been shown by the authors that this procedure minimizes error due to interpolation. In this study, the same procedure has been followed. First the intersection locations of DPR's beam with GR's elevation sweeps are identified. Only the intersection samples lying within the 100 Km range radius of the ground radar are considered. This is because, at ranges beyond 100 Km, the vertical extend of the GR beam is nearly 2 Km which is considered too coarse for meaningful comparisons. Moreover, due to nonstandard atmospheric refraction the GR beam bends. The vertical resolution of the DPR data is 125 m and the horizontal resolution is 4.9 Km whereas the resolution of GR data is 250m. Thus, DPR gates falling between the half-power GR beam points are linearly averaged in vertical direction. The GR data are averaged in horizontal direction over a circular area centering the intersection of parallax adjusted DPR beam with GR sweeps. The GR gates are weighted with a Barnes [44] type Gaussian inverse distance weighting. Here the distance is measured horizontally from the center of DPR footprint to GR gates' center. This is necessary to account for the non-uniform power distribution within the DPR beam. Due to this process, vertical resolution of DPR data and horizontal resolution of GR data are both decreased. This procedure produces an output which is a set of vertical profiles aligned along the DPR beam with samples points located at height of each intersection of GR sweep with DPR beam. All variables from GR and DPR are averaged following the same procedure. The reflectivity factors are averaged in linear scale and converted back to logarithmic scale. The minimum detection threshold for both KuPR and KaPR is 18 dBZ [3] . Therefore, reflectivity values above this level are only considered in averaging within the matched volume. 
Results and discussions
Over a total of 250 GPM overpass cases with NEXRAD radars mentioned in Section 2.2 have been studied. Precipitation data from April 2014 to June 2018 have been used. Reflectivities without attenuation correction from DPR are not considered in the comparison. GPM overpasses are carefully chosen such that enough precipitation was present within the intersection of KuPR swath and 100 Km range of GR. Three statistical indices are selected for evaluating GPM observations and products with respect to GR. Mean Bias (MB) is used to observe systematic bias in measurements. Mean Absolute Error (MAE) is used to quantify the average magnitude of error. Pearson's correlation coefficient is used to measure how well the two observations match with each other. Mathematically they can be written as
where N is the total number of samples and the subscript n implies nth sample. Since Z GR and Z DPR are in logarithm scale, Z GR = 
Comparison of Radar Reflectivity
Volume matched reflectivity from NEXRAD radars is compared against volume matched attenuation corrected reflectivity from DPR Ku-band and Ka-band band. Volume matched samples below bright band are chosen so that the comparison is limited to rain region. Figures 4 and 5 shows example of DPR and GR reflectivity scatter diagrams at the 5 NEXRAD location sites for all GPM overpass data samples.
All samples
Stratiform samples Convective samples Attenuation in DPR outer swath is corrected by a combination of Surface Reference Technique (SRT) and Hitschfeld and Bordan (HB) method [45] while in inner swath a modified HB-SRT-DFR method [27] is used. These correction methods do not always work well for heavy precipitation [27] . Thus, to better understand the effectiveness of attenuation correction, volume matched samples are further classified into stratiform and convective rain. DPR data are flagged according to the precipType flag from Profile Classification Module of the DPR Level 2 algorithm. A dual-frequency method [46] is applied in the inner swath where both Ku-and Ka-band data are available. In the outer swath, a single frequency approach [47] is adopted.For GR data classification, matched volume samples are chosen according to the DPR classification algorithm. The first column of both Figure 4 shows scatter density plot between attenuation corrected KuPR reflectivity and GR reflectivity when all volume matched samples are considered together. The second and third column are similar but only for stratiform and convective volume matched samples, respectively. Figure 5 is same as Figure 4 but for attenuation corrected KaPR reflectivities. Statistical scores together with the number of samples used are shown on each plot. From both Figures 4 and 5 , It can be observed that, even though there are differences between DPR and GR matched samples, data are heavily clustered along the 1:1 line and within the bounds of ±3 dB lines. Statistical scores shown on the scatter plots are summarized in Table 2 . In Section 2.3, it is shown that Ku-band reflectivities can be 2 to 3 dB greater in rain region. From Table 2 , it can be seen, when all samples are considered, for GPM Ku-band an overall positive MB near to zero is observed at each GR site. The MAE lies between 2 and 3 dB. These systematic differences agree with the simulation results. For all radars, the correlation between samples lie around 0.9 which indicate the DPR Ku-band reflectivities are well matched with GR. Similar results for MB and correlation are also reported in [19, 20] . When Ka-band is considered, a negative MB can be seen for all radar sites, which means that the overall reflectivities observed at Ka-band is lower than GR S-band. This is also is agreement to the simulation study presented in Section 2.3. The correlation between matched samples at all the radar sites lie between 0.7 and 0.85 implying that with respect to GR, Ka-band samples are not matched as good as Ku-band. The decrease in correlation can be accounted for the attenuation correction algorithm not being as effective as it is for Ku-band. Lower correlations also affected the MAE for Ka-band which are larger compared to Ku-band and lies in the range of 3 to 3.5 dB. However, the errors are still within bounds for the Ka-band and S-band reflectivity difference reported in Section 2.3. When rain profile classification is considered, the correlations between DPR Ku-band and GR matched stratiform samples at all radar sites is observed to be almost similar to that of convective samples. However, the mean correlation considering all radar sites is found to differ by a small margin of 0.03. Similar trend can be observed at Ka-band. The mean biases of Ku-band stratiform samples at all radar sites is positive whereas, two deviations can be observed for Ku-band convective samples for radars KHGX and KMLB. Both these radars are located at sea level and experiences heavy convective events resulting from tropical storms. The attenuation correction may be underestimating the true reflectivity giving rise to negative biases. It is interesting to note that the mean biases of convective samples at Ka-band are negative whereas they show a positive trend in case of stratiform samples other than at KFWS radar site. In case of stratiform rain, reflectivity at S-band is generally lower than 35 dBZ. The scattering simulation presented in Section 2.3 shows that Ka-Band reflectivity can be up to 1 dBZ higher corresponding to S-band range of 15 dBZ to 35 dBZ. This can be correlated with the positive trend. The MAE of both DPR Ku-band and Ka-band for both types of rain are within the difference limit as noted from scattering simulation results. It is also worthwhile to mention that the GPM profile classification algorithm also classifies rain into a third category named "other" for profiles which are neither stratiform nor convective [46] . In this study, the 'all samples' case contains samples from these 3 types of rainfall. Case study for 'other' type classification is not shown separately since this type contributes a very small percentage to the total rainfall profiles. However, nevertheless, when considered together with the other two types, correlation is improved by a very small factor in most cases.
Absolute Calibration of Ground Radars with Respect to DPR
One of the potential useful applications of the GPM-DPR data is to track the absolute calibration of ground radars over time. In this study, calibration errors of ground radars are studied with respect to the DPR Ku-band measurements. Figure 6 presents the DPR-GR mean difference for each month for all 5 NEXRAD radars over a period of year 2014 to 2018. When considering bias month wise, the Ka-band sample size can be very low in each case. It is very difficult to have GPM overpasses which has significant amount of precipitation present in the inner swath. Moreover, in many cases, the inner swath falls outside the 100 Km range of GR. Due to these reasons along with the performance issues of attenuation correction at Ka-band, only Ku-band has been considered for studying the time series of monthly bias. In Figure 6 , MB for each radar over the months are shown in blue bars with red lines on top representing standard deviation. It can be seen that the calibration of all radars is relatively stable over the time period with occasional jumps of a few dB at some radar sites. The MB is seen to vary from −1.1 dB to 2.5 dB. Other than factors such as difference in back scattered power at higher frequency and DPR attenuation correction algorithm performance, rainfall climatology can be a significant factor for the variability of MB over different months. The southeastern part of USA experiences a wide range of weather events, from severe thunderstorms, wide spread stratiform and mesoscale convective systems to tropical cyclones. During spring, sharp changes in temperature gradient along with varying humidity facilitate development of hail producing thunderstorms. The summer season is typically warm and moist and characterized by frequent convective thundershowers. During late summer, tropical cyclones also cause torrential rainfall upon interacting with frontal systems [48] . During the cooler months, it experiences comparatively light rainfall from widespread stratiform events. The DPR-GR bias is mostly positive and near to zero during this season which can be noticed in case of KFWS, KSHV and KLIX radars. The KMLB radar shows an exception of high positive bias for the month of February. It should be noted that there are only two overpasses for this month which might not be sufficient for truly capturing the nature of the bias. Also, in convective precipitation, when the Ku-band signal attenuation is significant the correction algorithm can sometime change the raw radar reflectivity by a factor of 10 compared to the corrected value . During light rain events, the DPR's SRT can sometimes yield negative amount of attenuation correction (Schwallar and Morris 2011). This might be a reason of negative DPR-GR bias which can be noticed for some of the cool season months for radars KHGX, KLIX and KMLB. A noticeable deviation can be observed in case of KFWS radar which shows negative bias for the month of May. The Dallas Fort Worth region is known for observing damaging hail storms during the summer. This can be the cause for the heavy attenuation of Ku-band signal and poor performance of the attenuation correction algorithm. Nevertheless, errors in GR hardware systems during these overpass events can be another cause for sudden jumps in biases.
Comparison of Instantaneous Rainfall Rate
Volume matched samples of instantaneous rainfall rate product from GPM-DPR are compared against volume matched samples of retrieved rainfall rate from ground radar. Rainfall rate retrieval from DPR is based on the algorithm described in [10, 11] . In the outer swath Ku-only retrieval process [10] is used similar to TRMM whereas in the inner swath a dual-frequency approach [10, 29] is adopted. The algorithm used to retrieve rainfall from ground radars is based on [49] which is a blended product of different dual-pol estimators. More detailed description of the algorithm can be found in [49] . This algorithm has been developed for precipitation characteristic in the southern and southeastern plains. This algorithm's high performance with respect to rain gauges is also shown in [49] . Figure 7 shows the scatter density plots between matched samples of DPR Ku-only rain-rate and GR rain-rate at each GR site. Figure 8 also shows scatter density plots of matched rain-rates samples but with DPR dual-frequency product. The samples are again classified according to rain type. The first column of both Figures 7 and 8 represents scatter plots from all matched samples, while the second column and third column represent stratiform and convective samples, respectively. It can be seen that lower rain-rate samples (0.1 to 3 mm/h) are more clustered around the 1:1 line. For higher rain-rates the samples diverge from 1:1 line. Statistical induces are summarized in Table 3 . Mean biases for the Ku-only product varies between −1.7 to 0.3 mm/h. The corresponding mean biases for the dual-frequency product decreased for all the radar sites except KSHV. Overall, this implies that both DPR Ku-only and dual-frequency underestimates rainfall expect at KSHV site. The MAE for Ku-only product varies between 1.66 to 2.56 mm/h whereas for dual-frequency product the error magnitude increases which is from 1.69 to 2.98 mm/h. The correlation of the matched samples for both products varies in the range of 0.5 to 0.7. This result, particularly for Ku-only product, is consistent with findings from [50] [51] [52] . When considering stratiform samples alone, mean biases are found to decrease. They are in the range of 0.13 to 0.43 mm/h for Ku-only product and 0.02 to 0.81 mm/h for dual-frequency products. The MAEs are also lower and are in range of 1 to 1.5 mm/h. However, for convective cases both products do not show satisfactory performance compared to GR rain-rate estimates. The error magnitude is as high as 5.56 mm/h for Ku-only product and 6.10 mm/h for dual-frequency product. Except at the KSHV radar site, mean biases for both products are also seen to increase towards negative indicating high underestimation of DPR rainfall rates. At KSHV radar site, for all cases, the MB is found to be positive indicating the GR rainfall estimates are low compared to DPR products. This might be due to under performance of the dual-pol retrieval algorithm at this site. The overall poor performance of DPR rainfall products in convective case can be due several factors such as DPR attenuation error and non-uniform beam filling effect at Ku-and Ka-bands. Moreover, convective precipitation can be very localized resulting in precipitation cells smaller than the DPR horizontal resolution of 5 Km. This adds additional uncertainty in rainfall estimation. 
Summary and Conclusions
In this study, GPM-DPR's reflectivity measurements at both Ku-and Ka-band and rainfall rate products are cross validated against 5 dual-pol ground-based radar from the GPM GV network. Ground radars located in the plains are chosen to avoid difficulties in precipitation observation over complex terrain. Over 250 GPM overpasses from April 2014 to June 2018 containing significant precipitation are studied. To reduce temporal mismatch, GR data is chosen such that the time difference between GR sweeps and the DPR overpass time is less than 5 min. Scattering simulation has also been performed to get an idea of ideal relationship between S-band, Ku-band, and Ka-band reflectivities in rain. The comparison procedure requires a volume matching technique to be applied on data from both GPM-DPR and ground radar. The methodology averages gates within a common volume at each DPR beam with GR sweeps. DPR data is only linearly averaged vertically along the beam whereas the GR data is inverse weighted averaged within DPR's footprint which is about 4.9 Km in diameter. Outcome of this methodology is matched DPR and GR samples located at each intersection points. The advantage of this technique over a common grid re-sampling are that there is no interpolation or extrapolation of the data. So, both DPR and GR have matched data taken at locations of actual observation.
Comparison study of matched DPR and GR reflectivity samples showed good agreement with correlation up to 0.9 at Ku-band and 0.85 at Ka-band. To better understand the correlation, samples are divided into stratiform rain and convective rain. The study revealed that stratiform samples are more correlated compared to convective samples. This is due to under performance of DPR attenuation correction algorithm in heavy precipitation. At all radar locations, mean biases for Ku-band is found to be positive while for Ka-band it is found to be negative. This is in well agreement to the simulated results. The MAEs are also within the difference limit found from simulations which is up to 3 dB for Ku-band and up to 5 dB for Ka-band. Though simulation results confirm the cause of difference in reflectivities, other factors such as attenuation correction, nonstandard GR beam refraction and errors in geometric match-up process should be considered as well. Other potential source of error is the time difference between DPR and GR samples. It can be reduced by applying advection correction to the GR data, but it has not been attempted in the present study. Next, absolute calibration of the 5 ground radars are tracked over the months using all GPM overpass data used in this study. Periods of relative stability in calibration have been observed with occasional variation in mean biases which can accounted for precipitation type variability across all seasons. Sudden jumps in MB is particularly noticeable in radars KSHV, KLIX and KMLB. The cause can be a combination of attenuation correction error and fewer GPM overpass for that specific month. Comparison of the volume matched rainfall rate samples revealed that the performance of DPR Ku-only product and dual-frequency product are similar for all the radars with correlation ranging from 0.52 to 0.69. The magnitude of error is higher for dual-frequency product compared to Ku-only product. It is also noticed that with higher rain rates the correlation of both Ku-only and dual-frequency product falls. Upon comparing samples classified by rain type, it is observed both DPR products greatly underestimate heavy convective rainfall by a margin of 5 to 6 mm/h at specific radar sites. In case of stratiform rain error magnitudes lying within 1.5 mm/h suggest far better performance of DPR products compared to convective rain. When considering all samples, the overall rainfall performance is found to be satisfactory. Although the GPM attenuation correction algorithm has performance issues and looking at reasonable agreement between reflectivities, it can be said that there are issues in the conversion of reflectivity into rainfall rate which could be improved to achieve more accurate rainfall estimation from GPM-DPR.
